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Modeling of ion transport via plasma membrane needs identification and quantitative 
understanding of the involved processes. Brief characterization of main ion transport 
systems of a yeast cell (Pma1, Ena1, TOK1, Nha1, Trk1, Trk2, non-selective cation 
conductance) and determining the exact number of molecules of each transporter per 
a typical cell allow us to predict the corresponding ion flows. In this review a 
comparison of ion transport in small yeast cell and several animal cell types is 
provided. The importance of cell volume to surface ratio is emphasized. The role of 
cell wall and lipid rafts is discussed in respect to required increase in spatial and 
temporary resolution of measurements. Conclusions are formulated to describe 
specific features of ion transport in a yeast cell. Potential directions of future research 
are outlined based on the assumptions. 
Keywords: ion transport, yeast cell, erythrocyte, excitable membrane, lipid rafts, cell wall, salinity tolerance, systems 
biology 
Introduction 
The fungus Saccharomyces cerevisiae (Phylum Ascomycota) is a well-known baker’s yeast. It is a 
small unicellular organism (Figure 1), which can grow in a wide range of pH, osmolality and various 
ion compositions of surrounding media. Yeast cells are among the best studied unicellular 
eukaryotic organisms with small sequenced genome, large available collections of mutants in 
specific genes, high growth rate in nutrient media. They are easy for genetic and molecular 
biological manipulation. Essential volume of accumulated knowledge about yeast facilitates 
further research in the area. 
Yeast cells are widely used in the food industry, for baking and for brewing, for making wine 
and spirits. More recent and advanced applications include biotechnology, chemical industry and 
pharmacology where yeast cells are producing pharmaceutical and nutraceutical ingredients, 
commodity chemicals, biofuels and also heterologous proteins including different enzymes from 
other eukaryotic organisms. The commercial scale of production is achieved for the novel 
applications based on progress in synthetic biology and metabolic engineering (e.g., reviewed in 
Borodina and Nielsen, 2014). Yeast cells are invaluable for applications in biomedical research. 
Heterologous expression of mammalian proteins, especially membrane ones in yeast is an 
important means to understand their properties. Eukaryotic yeast cells with specific mutant 
phenotypes could be rescued after expressing homologous or complementing proteins from the 
other organisms, thus giving indications about the functions and interactions of the proteins. 
Amino acid mutations and substitutions within the proteins of interest allow detailed analysis of 
their structure and protein domains. Yeast two-hybrid screening is a technique in molecular 
biology 
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to understand protein-protein interactions (Fields and Song, 
1989; reviewed in Brückner et al., 2009); modifications of the 
method include split-ubiquitin system (Stagljar et al., 1998; 
reviewed in Thaminy et al., 2004) and several others for 
interacting membrane proteins in vivo. Yeast expression system 
helped to understand elements of calcium signaling in 
eukaryotic cells (reviewed in Ton and Rao, 2004). Yeast cells 
served for functional expression and characterization in more 
detail protein domains of an inward-rectifying mammalian 
K+channel mKir2.1 (Hasenbrink et al., 2005, 2007; Kolacna et al., 
2005), rat neuronal potassium channel rEAG1 (Schwarzer et al., 
2008), human estrogen alpha and beta receptors (Sievernich et 
al., 2004; Hasenbrink et al., 2006; Widschwendter et al., 2009), 
human receptors of the Hedgehog pathway (Joubert et al., 
2010) and the other heterologous membrane proteins for 
functional and structural studies. The methods and applications 
are essentially based on the present and growing knowledge of 
yeast cells, their genetics, molecular biology and physiology. 
Ion homeostasis is important for yeast growth (cell volume 
increases mainly by water uptake according to osmotic gradient 
against cell wall mechanical pressure) and also for the function 
of enzymes. Some proteins (e.g., yeast HAL2 nucleotidase) may 
change conformation and lose activity under increased 
concentrations of Na+ (Murguía et al., 1996; reviewed in 
Serrano, 1996; Albert et al., 2000). Understanding, describing 
and modeling ion transport is important for optimizing and 
improving growth conditions for yeast culture. 
Initial assumptions for modeling seem oversimplified for a 
biologist; however, they are required for the basic biophysical 
description of the processes. The cell is considered to be a 
homogeneous spherical body consisting of viscous cytoplasm 
containing several ion species and surrounded by a lipid 
membrane. The lipid membrane contains a large number of 
incorporated proteins (ion pumps, channels, and transporters), 
which make pathways for selective and non-selective transport 
of ions. The cell is further surrounded by the cell wall. 
Inner cell structures are present (e.g., nucleus, ATP producing 
mitochondria, clusters of so called lipid rafts within the plasma 
membrane, possible vacuolization and existing intracellular 
compartments etc.) and will be mentioned if necessary. 
The numeric parameters of a yeast cell are—cell volume, 
membrane surface area, ion concentrations within and outside 
of the cell, yeast cell electric membrane potential, 
characteristics and number of ion transport systems of a yeast 
cell and also mechanical properties (elastic and plastic elasticity) 
of the cell wall. The presence of cell wall is a similarity between 
yeast, plant, algal and most of prokaryotic cells, while making 
them distinct from most of animal cells. Stretching cell wall 
balances hydrostatic turgor pressure, which is developed from 
the interior of the cell due to difference in osmotic pressures 
inside and outside of the cell. Positive turgor pressure is caused 
by water fluxes into the cell following higher concentration of 
osmotically active compounds inside. Ion gradients and partially 
the higher osmotic pressure are created by the concerted 
activity of ion pumps, channels and transporters, which also 
keep stable or ensure perturbed for signaling ion 
concentrations; ion transport systems are also responsible for 
negative membrane potential. 
Exploring yeast with small size of their cells (several µm or 
around 10 wavelengths of red light) breaks trivial everyday 
experience about the world resembling to what is observed in 
microbiology (Beveridge, 1988) and cell biology 
(AlbrechtBuehler, 1990), hence requires special knowledge and 
equipment. 
Quantitative Characteristics of Yeast Cells 
Assuming an average diameter of yeast cell of about 6 µm and 
approximating the cell as a spherical body (Figure 1), we can 
calculate the volume of the yeast cell according to formula 
linking volume to diameter of sphere: 
4/3∗π∗(6/2)3∗10−18m3 = 4/3∗π∗27∗10−15L ≈ 100 fL = 0.1pL. 
(1) 
For comparison, the volume of simpler prokaryotic microbe 
Escherichia coli is about 1,5-4,4 fL (e.g., Volkmer and 
Heinemann, 2011), the volume of a mammalian spermatozoon 
is about 20–30 fL (Curry et al., 1996). The volume of a human 
erythrocyte is also about 100 fL (Jay, 1975), but the volume of 
typical mammalian cardiomyocytes is 300 times larger (Satoh et 
al., 1996). The volume of giant squid axon is 108 times larger (5 
cm long and 500 µm in diameter) (Lecar et al., 1967), the volume 
of barley leaf protoplasts is at least 100 times larger (Volkov et 
al., 2009). 
It is important to mention that the basics of membrane ion 
transport were initially formulated in the outstanding works of 
Nobel Prize laureates Hodgkin and Huxley for large cells (squid 
axon) (Hodgkin and Huxley, 1952), so the principles for small 
FIGURE 1 | Microscope image of mature yeast culture at high 
magnification. Yeast culture (BY4741) was grown for a day after reaching 
stationary phase. Scale bar is 12.5  m. 
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cells with much higher surface/volume ratio may need to be 
scaled and amended. The surface/volume ratio is the surface per 
unit of volume; it consequently determines ion fluxes for the 
unit of volume and, vice versa, the potential metabolic activity 
per unit of surface (Figure 2). The surface/volume ratio is 125 
times higher for a yeast cell than for a squid axon; this poses 
questions about potential principal differences in ion transport 
systems. 
 
The cell surface area for a yeast cell is: 
 4∗π∗9 µm2 ≈ 100 µm2. (2) 
This value of surface area of biological membrane corresponds 
to electric capacitance 1 pF, since 100 µm2 make up about 1 pF 
(the specific electric capacitance of biological membranes Cm is 
about Cm = 1µF/cm2) (Hille, 2001). Similar results for capacitance 
are indeed found in patch clamp experiments (0.5– 0.7 pF for 
yeast spheroplasts with diameters of 4–5 µm) (Roberts et al., 
1999). This means that the electric charge q transfer of N = 
600,000 monovalent cations (e.g., potassium, proton or sodium) 
out of cell will cause the change of voltage V from 0 to −100 mV 
according to the definition of electric capacitance C (q = C∗V) 
and taking into account the elementary charge 1.6∗10−19 
coulombs (equal to the electric charge of a monovalent cation; 
hence we have about 6.2*1018 monovalent cations per 
coulomb): 
 N = (10−12F∗0.1 V)/1.6∗10−19coulombs ≈ 6∗105. (3) 
This calculated number of cations is about 0.01% of K+ ions in a 
yeast cell (6∗109 ions per cell for 100 mM K+, see below), 
however 100 times higher than the estimated number of free 
protons in the yeast cell (without a vacuole and without 
considering any pH buffering in the cell). pH of the cytoplasm of 
a yeast cell is about 7.0, which means 10−7 M H+/L, cell volume is 
100 fL, therefore: 
10−7 M H+/L∗100∗10−15 L∗Na ≈ 10−20 mole H+∗6.02∗1023/mole 
 ≈ 6,000 protons/cell, (4) 
where Na = 6.02∗1023/mole is the Avogadro constant 
corresponding to the number of ions/molecules per mole of a 
chemical compound/substance. 
Similar assumptions and calculations for the number of ions 
and voltage changes can be found also in Kahm (2011), for 
example, where several differential equations have been 
proposed and based on theoretical considerations to build a 
model of potassium homeostasis in Saccharomyces cerevisiae. 
Ion concentrations in yeast cells were measured by several 
methods and gave readings about 100–150 mM for K+ (Mulet 
and Serrano, 2002; Jennings and Cui, 2008; Zahrádka and 
Sychrova, 2012). However, concentrations of 50–300 mM of K+ 
have been reported (depending on growth phase, external 
potassium etc., reviewed in Ariño et al., 2010; Kahm, 2011). 
Under low (0.1 mM) external K+ at the background of 100– 300 
mM NaCl internal K+ concentration below 5 mM has been 
measured (Alemán et al., 2014). Na+ depends more on the 
external concentration and may vary from a few mM to over 100 
mM (García et al., 1997; Kolacna et al., 2005). For example, 
addition of external 1 M NaCl increased internal Na+ 
concentration linearly from 0 to 150 mM after 100 min (García 
et al., 1997). Chloride concentration is relatively low and stable, 
about 0.1–1 mM, indicating that chloride is also a 
homeostatically controlled abundant ion in the cell (Jennings 
and Cui, 2008). Calcium concentration in yeast and eukaryotic 
cells is very low, 50–200 nM. This ion is essential for signaling, 
so specific pumps and transporters exist to ensure calcium 
homeostasis and signaling (e.g., Cui and Kaandorp, 2006). 
These concentrations correspond to relatively small numbers 
of ions per cell. Even the number of K+ ions is amenable for 
simple modeling using modern software and computers. Instead 
and in addition to using thermodynamic approach, location and 
properties of each ion could be potentially digitized and 
analyzed. 
100 mM K+ in100 fL gives N∗a100 mM∗100 fL 
≈ 6.02∗1023/mole∗100 mmole/L∗100 10−15 L 
 ≈ 6∗109 ions of K+/cell, (5) 
where Na = 6.02 ∗ 1023/mole is the Avogadro constant. 
This number of ions is equivalent to an electrical current of 
1.6∗10−19 coulombs/ion ∗6∗109 ions ≈ 10−9 A∗seconds = 10 seconds 
∗ 100 pA (elementary charge of cation 1.6∗10−19 coulombs 
multiplied by the number of ions and converted to Amperes; will 
FIGURE 2 | Comparison of membrane electric capacitance per unit of 
volume in yeast and several small cells compared to larger giant squid 
axon and algal cells of charophytes. Membrane electric capacitance is 
linearly proportional to cell surface area with coefficient about C 
m  1  F/cm 
2 . 
The curve is approximated by inverse proportional function, both axes are in 
logarithmic scale. Higher values for spermatozoon are explained by the long 
tail of the cell; cardiomyocytes are flat cells with invaginations (T-tubules) to 
increase surface. More details are given in the text. 
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be discussed later when considering ion currents via ion 
channels and transporters). 
Direct measurements of membrane potential using glass 
microelectrodes is the only direct method available to measure 
membrane potential. However, for small cells of Saccharomyces 
cerevisiae the method may be inaccurate and can 
underestimate membrane potential considering that (1) 
membrane potential could be changed by the proton pump 
Pma1 within seconds (see discussion below) and (2) 
microelectrodes may have an effect on the measured values, for 
example, they cause KCl leak and mechanical stress (e.g., Blatt 
and Slayman, 1983). Therefore, indirect methods and 
comparative results for different yeast species and under 
several conditions are very important. 
Microelectrode technique records membrane potentials of 
around −70 to −45 mV for S. cerevisiae (reviewed in 
BorstPauwels, 1981) and similar or lower values for other yeast 
species (summarized in Table 1). 
Indirect methods of membrane potential measurements are 
based on steady-state distribution of lipophilic cations and 
require further simple calculations; tetra[3H]—
phenylphosphonium (TPP+) and 
tri[3H]phenylmethylphosphonium (TPMP+) are used to measure 
membrane potential in yeast cells. With this method values 
around −120 mV to −50 mV were estimated (Vacata et al., 1981). 
Measurements using 3,3′-dipropylthiacarbocyanine gave 
estimates around −160 to −150 mV for S. cerevisiae; the 
membrane potential depolarized within 10 s by 25–30 mV in 
response to addition of 10 mM KCl (Peña et al., 2010). The effect 
of depolarization by KCl was observed in the presence of 20 mM 
glucose suggesting the implication of proton pump Pma1 in 
membrane energization (Peña et al., 2010). Recordings with 3,3′-
dipropylthiacarbocyanine demonstrated depolarization for 
aerobic yeast Rhodotorula glutinis: the cells depolarized by 
25 mV in 25 mM KCl, by 60 mV in 100 mM KCl and by 60 mV, 
when external pH changed from 6 to 3 (Plášek et al., 2012). In 
the presence of 100 mM glucose cells of S. cerevisiae 
depolarized by 30 mV in 100 mM KCl, by 20 mM in 100 mM NaCl 
and by 40 mV under pH decrease from 6 to 3 (Plášek et al., 
2013). In the absence of glucose depolarization was larger for 
pH change and 100 mM KCl though smaller for 100 mM NaCl 
(Plášek et al., 
2013). 
This shows that indirectly measured membrane potential 
values are similar (Felle et al., 1980; Lichtenberg et al., 1988) or 
more negative (Vacata et al., 1981) than when measured 
directly by microelectrodes due to a variety of reasons, e.g., 
impalement problems and leak from microelectrodes, or 
nonspecific absorption of cations. 
Ion Transport Systems of Yeast Cells 
Ion transport systems have been well studied for yeast cells 
within the last 30–40 years following the rise of molecular 
biology, electrophysiology and complete sequencing of the 
yeast genome. The new methods complement traditional 
experiments with yeast mutants and ion accumulation by yeast 
TABLE 1 | Values of membrane potential of yeast and several fungal and bacterial cells recorded by microelectrodes. 
Species 
Membrane 
potential values, 
mv 
References Notes 
Saccharomyces cerevisiae Around −70 to −45 
Reviewed in Borst-Pauwels, 
1981 
Values might be not realistic, fast decay in some 
experiments 
Endomyces magnusii, 
(size of cells is about 15×30µm) 
(1) Around −40 
(2) Around −150 to 
−120 
(1) Vacata et al., 1981 
(2) Bakker et al., 1986 
(1) Measured in artificial pond water, pH is not 
indicated, over 
1.5 mM K+, 0.5 mM Na+, 0.2 mM Ca2+ 
(2) −124 mV at pH 4.5 (0.1 mM KCl), 
preimpalement value estimated around −190 mV; −146 mV 
at pH 7.1 (0.1 mM KCl) and preimpalement value 
estimated around −275 mV 
Pichia humboldtii 
(cell size is about 12–15 µm in diameter) 
Around −90 to −50 Höfer and Novacky, 1986; 
Lichtenberg et al., 1988 100 mM KCl depolarized membrane of Pichia humboldtii 
from −48 to −21 mV, while 100 mM NaCl to −37 mV and 
100 mM LiCl by 3 mV only; membrane potential depended 
on external pH increasing from −60 to −30 mV under 
external pH change from 6 to 8 or from 6 to 4 Höfer and 
Novacky, 1986 
Neurospora. crassa 
(a) hyphae diameter over 10–15 µm or (b) 
spherical cells with diameter about 
15–20 µm) 
Below −300 to −120 (a) Slayman and 
Slayman, 1962; 
(b) Blatt and Slayman, 
1983, 1987 
Depended on concentration of external K+ and internal pH 
Giant E. coli cells (about 5 µm in diameter) Below −140 Felle et al., 1980 −100 mV at pH 5.5 and −142 mV at pH 8.0 
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cells to elucidate the mechanisms of transport and role of 
specific proteins. The main ion transport systems include ion 
pumps, several transporters, one potassium channel and a non-
selective cation current, which was recorded in 
electrophysiological experiments (Figure 3). 
Ion Pumps 
The most abundant protein in the yeast plasma membrane is the 
proton pump Pma1 (P-type H+-ATPase), which pumps protons 
out of the cytoplasm and shifts the membrane potential to more 
negative values. Pma1 transports one H+ per ATP molecule 
(Ambesi et al., 2000) and makes up about 15–20% of membrane 
proteins (Eraso et al., 1987). Protein expression analysis 
(Ghaemmaghami et al., 2003) estimates the amount of Pma1 
per cell to be 1,260,000 Pma1 molecules/cell. This is equivalent 
to 12,600 molecules/µm2 and equates to one Pma1 molecule 
per 10∗10 nm2 of membrane surface. The value is above the 
feasible limits, since the linear size of proton ATPases is large 
and, for example, the cross-section of similar H+-ATPase from 
the plasma membrane of Neurospora crassa is nearly 10∗10 nm2 
(Auer et al., 1998). Assuming that only 10% of expressed Pma1 
is present in the plasma membrane (many molecules could be in 
secretory vesicles in cytoplasm) we get 130,000 molecules per 
plasma membrane. This number coincides better with electron 
microphotographs of yeast plasma membranes labeled with 
antibodies for Pma1 (Permyakov et al., 2012). 
One Pma1 molecule transports 20–100 H+ per second 
(Serrano, 1988). The conclusion is confirmed by measurements 
of ATP hydrolysis activities (e.g., Perlin et al., 1989): assuming 
transport of one H+ per one reaction of ATP hydrolysis and 
knowing ATPase activities for reconstituted mutant enzymes in 
µmol Pi mg−1 min−1 we can estimate the number of transported 
H+/(Pma1 molecule∗second). The value is similar to animal 
Na+/K+-ATPase with a turnover of 160 (Skou, 1998). Taking the 
lower of these values it is simple to estimate the possible 
number of protons extruded by Pma1 within one second per 
yeast cell: 
20H+/(second∗pump molecule)∗130, 000pump 
molecules/cell = 2, 600, 000 H+/(second∗cell). (6) 
This value exceeds by a factor of four the number of positive 
charges required to shift the membrane potential of the cell by 
−100 mV in one second (Equation 3). Obviously, the situation is 
more complex since one must also consider thermodynamics of 
transport and ATP hydrolysis. With a cytoplasmic pH similar to 
ambient medium Pma1 will not be able to pump protons against 
a membrane potential lower than -400 to -450 mV due to 
limitation by energy of ATP hydrolysis: −30 kJ/mole to be 
translated to the energy of transporting an elementary charge 
against the membrane voltage and would correspond to 
transport against −300 mV, slightly more negative hydrolysis 
energy could be achieved and result in more negative voltages 
(e.g., Bond and Russel, 1998). Indeed, the most negative 
membrane potentials recorded in fungal/autotrophic cells are 
around −300 to −350 mV for Neurospora crassa with equilibrium 
potential up to −450 mV (Blatt and Slayman, 1987). 
These simple considerations show that the most important 
factors for membrane potential and driving force for 
translocation of protons (1µH+) in yeast cell are: 
(1) ATP availability and cell metabolism; 
(2) Pma1 regulation, not the potential maximal Pma1 activity; 
FIGURE 3 | Simplified scheme of cation transport systems in 
plasma membrane of a typical yeast cell. Pma1 is H  - ATPase 
pumping protons out of the cell; Ena1 is Na  - ATPase pumping Na  
out of the cell; TRK1 and TRK2 are presumed potassium transporters; 
TOK1 is outward potassium-selective ion channel; Mid1 is a 
mechanosensitive cation-selective ion channel; Cch1 is calcium channel; 
Nha1 is presumed Na  /H  antiporter. More explanation and controversy 
is provided in the text. 
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(3) futile cycles of ion transport and inward electrogenic ion 
transport. 
ATP concentration in yeast cells is about 2 mM in the presence 
of glucose (measured by aptamer-based ATP nanosensor ) 
(Ozalp et al., 2010) or around: 250–350 attomole ATP per a cell 
(Ashe et al., 2000) estimated to 2.5–3.5 mM; 8.4 ± 0.4 µmole 
ATP/3∗107 cells (Ullah et al., 2013) recalculating to 2.8 mM. It is 
similar to the ATP concentration in bacteria, for example 3 mM 
ATP was measured in Streptococcus bovis (Bond and Russel, 
1998). The total number of ATP molecules will be in that case: 
2 mM ATP in 100 fL gives N∗a2 mM∗100 fL 
≈ 6.02∗1023/mole∗2 mmole/L∗100∗10−15L 
≈ 1.2∗108 ATP molecules/cell, where 
Na = 6.02∗1023/mole is the Avogadro constant. 
This is at least 50 times higher than the potential minimal 
requirement of ATP consumed by Pma1 per a second (Equation 
6); therefore ATP is likely not a limiting factor immediately 
linking metabolic activity of yeast cell with fast membrane 
transport processes (timescale of seconds). If the highest 
number of Pma1 in the membrane (1.3∗106 molecules) is 
assumed (not likely due to above mentioned steric calculations 
for the molecules) and the turnover of 100 H+/(Pma1 
molecule∗second) is taken, the amount of ATP is still sufficient 
for a second. There is a reasonable time lapse of 1–50 s 
(buffered by internal existing concentration of ATP) between (1) 
the proton transport and plasma membrane energization by 
Pma1 and (2) cell metabolism and ATP synthesis. It is worth to 
include for consideration ATP/ADP ratio, energy charge of yeast 
cells, concentrations of free phosphate and ADP. The 
parameters influence the change of the Gibbs free energy 1G for 
ATP hydrolysis (e.g., Bond and Russel, 1998) and also regulate 
many biochemical and physiological reactions in cells (e.g., 
Pradet and Raymond, 1983; Wilson et al., 1996; Gout et al., 
2014) linking ion transport and cell metabolism. Total 
concentration of adenine nucleotides in cytoplasm of yeast cell 
was measured around 3–5 mM (Brindle et al., 1990; Nielsen et 
al., 2010), while ATP/ADP ratio varied from about 5 in high 
glucose to 0.3 after 15 min in low glucose, ATP/AMP ratio 
dropped from over 23 to 0.1 under the switch from high to low 
glucose (Wilson et al., 1996). Intracellular phosphate was similar 
to adenine nucleotides, 2.5–5.2 mM (Brindle et al., 1990). 
Complex and not always predictable changes of cytoplasmic 
nucleotide concentrations follow cell metabolism. For example, 
addition of 100 mM glucose at the background of 2% trehalose 
five-fold decreased ATP concentration less than in 30 s (Loret et 
al., 2007). Interestingly and unexpectedly, the reduction of ATP 
was due to increase of IMP and inosine without essential change 
of ADP and AMP; concentrations of adenine nucleotides 
recovered to initial levels in about 30 min (Loret et al., 2007). It 
is a complicated network of transcription factors, protein 
kinases and the other regulatory proteins and factors involved 
in nutritional, energy and metabolic control in yeast cells (e.g., 
Lee et al., 2008; Broach, 2012; Österlund et al., 2013). Pma1 is 
phosphorylated by several protein kinases and changes affinity 
to ATP in response to glucose metabolism; it is a way to 
modulate membrane potential (Goossens et al., 2000). 
Regulation of Pma1 involves the other numerous proteins and 
networks of events and is the subject of specific reviews (e.g., 
discussed in Ariño et al., 2010 and referenced therein; Babu et 
al., 2012), therefore it will not be discussed in more detail here. 
The proton motive force of Pma1 is used for the transport of 
ions and small molecules by ion channels and transporters, 
dissipating the very negative membrane potential and proton 
gradient. Futile cycles of ion transport have been studied in 
bacteria (e.g., Bond and Russel, 1998); these show that over a 
third of the energy could be dissipated by cycling ions through 
the cell membrane. For yeast, futile cycles of protons and anions 
under adaptation to weak organic acids explained about 30–
40% reduction in intracellular ATP compared to growth 
inhibitory conditions (e.g., Ullah et al., 2013), while the 
percentage of dissipated energy needs more investigation. 
Futile cycles of ion transport for Na+, K+ and the other major ions 
are also well known for plant root cells, the estimates predict 
over a third and more of energy consumed by the cycles (Britto 
and Kronzucker, 2006; Malagoli et al., 2008 and later 
publications from the laboratory). At a first glance, futile cycles 
seem to be waste of energy and pitfalls of tight regulation. On 
the opposite, from the point of systems biology futile cycles are 
an additional mechanism of control and signaling and also a 
prerequisite for non-linear complex behavior of a biological 
system (Newsholme and Crabtree, 1976; Samoilov et al., 2005; 
Qian and Beard, 2006; Tolla et al., 2015). In yeast it is assumed 
that 20–60% of cell ATP is used by Pma1 (reviewed in Kahm, 
2011). There are over 250 predicted transporters in the yeast 
genome (Paulsen et al., 1998) and almost 100 plasma 
membrane transporters of known function (Van Belle and 
André, 2001). Many of them transport small organic molecules, 
not ions, and can use the proton gradients and membrane 
potential created by Pma1. The “leak” current via membrane 
(non-selective cation channels and several other potential 
routes) and activity of transporters are regulated by membrane 
potential, calcium, ion concentrations etc. (Bihler et al., 1998; 
Roberts et al., 1999; reviewed in Ariño et al., 2010) and so are 
linked to the activity of Pma1 generating a feedback loop. There 
are still many questions as to which parameter or parameters 
are controlled and which mechanisms are involved in the 
regulation of ion transport. Voltage sensors and ligand or ion-
binding sites of ion channels are the simplest structures that 
directly regulate ion currents depending on membrane 
potential, ion and ligand concentrations (e.g., Hille, 2001), 
making up regulatory networks. The study of various mutants is 
helpful in elucidating the interactions. Mutants with about 80% 
reduced expression of plasma membrane H+-ATPase showed 
decreased rates of proton efflux and uptake of amino acids, 
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while maintaining a stable membrane potential (measured by 
gradient of tetraphenylphosphonium) (Vallejo and Serrano, 
1989). Mutants lacking outward potassium channel TOK1 had 
depolarized membrane potential (Maresova et al., 2006), while 
deletion of Trk1 and Trk2 potassium transporters 
hyperpolarized the membrane (Zahrádka and Sychrova, 2012). 
Ena1 is another ion pump in the yeast plasma membrane 
recognized as a putative Na+ pump (Haro et al., 1991) removing 
Na+ out of cytoplasm. Around 688 molecules per cell were 
estimated by protein expression analysis (Ghaemmaghami et 
al., 2003), which means that the potential maximal efflux is 
extremely low. Assuming pumping activity of Ena1 similar to 
Pma1 with 20–100 H+/second (Serrano, 1988) or animal Na+/K+-
ATPase with a turnover of 160 (Skou, 1998), an estimate of 100 
Na+ pumped out/second seems reasonable. Then the expected 
drop in intracellular Na+ due to activity of Ena1 would be: 
700 pumps/cell∗100 Na+ions/(second∗pump) 
= 70∗103Na+ions/(cell∗second) or about 
1 µM/(cell∗second)(converting to concentrations using 
Avogadro constant and cell volume) or 3.6 mM/(cell∗h). (7) 
Thus, under control conditions Ena1 with a number of about 700 
molecules/cell can hardly have an essential effect on sodium 
concentration. However, the transcription of Ena1 is activated 
by NaCl (Wieland et al., 1995) via multiple transduction 
pathways in dose-dependent manner (Márquez and Serrano, 
1996). Microarray experiments revealed the complex pattern of 
activation (Posas et al., 2000 and http://transcriptome. 
ens.fr/ymgv/index.php for YDR040C), about 10-fold at most. 
Presumably the activation of transcription could be mirrored by 
increased number of protein molecules/cell. Interestingly, 
deletion of Ena1 in the yeast strain G19 resulted in dramatically 
retarded growth of yeast colonies on plates with added 0.5–1.3 
M NaCl and even with added 1.8 M KCl especially at neutral pH 
7.0 when compared with pH 3.6 and 5.5 (Bañuelos et al., 1998); 
therefore expression and interactions of Ena1 are expected to 
change more under long term salt stress. 
Ion Channels and Transporters 
Major channels and transporters of yeast plasma membrane 
include: (1) potassium-selective outward rectifying ion channel 
TOK1, (2) non-selective cation channels (registered in 
electrophysiological experiments, but gene sequence(s) and 
protein structure(s) responsible for the current had not been 
identified so far), (3) potassium transporters Trk1 and Trk2, (4) 
sodium/potassium-proton antiporter Nha1, (5) 
sodiumphosphate symporter Pho89 (reviewed in Ariño et al., 
2010), (6) voltage-gated calcium channel Cch1 (Fischer et al., 
1997; Peiter et al., 2005; Teng et al., 2008, 2013) probably 
interacting with mechanosensitive cation-selective channel 
Mid1 (Kanzaki et al., 1999; Peiter et al., 2005), and (7) 
mechanosensitive ion channel with similar selectivity for cations 
and anions (Gustin et al., 1988). A brief description concerning 
the number of molecules per cell and estimated ion currents 
carried by them may help to understand their role in membrane 
transport properties. As a first approximation: 
sodium/potassium-proton antiporter Nha1 was visualized in 
experiments on protein expression in yeast using both GFP and 
TAP tags which estimated 1480 molecules/cell (about 15 
molecules/µm2), Mid1 was detected at 3210 molecules/cell 
(about 30 molecules/µm2), while Trk1, Trk2, TOK1, Pho89, and 
Cch1 were not visualized or below the detection limit of 50 
molecules/cell (Ghaemmaghami et al., 2003). It is worth 
mentioning that the number of specific protein molecules per 
cell and the protein abundance variation among cells in large 
populations of S. cerevisiae are partially determined genetically 
(Albert et al., 2014). 
Though TOK1 was not visualized in the study on protein 
expression (Ghaemmaghami et al., 2003), earlier 
electrophysiological experiments predicted about 50–100 active 
ion channels per a cell (Bertl and Slayman, 1992; Bertl et al., 
1998). Potassium-selective outward rectifying ion channel TOK1 
is the best characterized ion channel in yeast cells. First single 
channels recordings with yeast protoplasts revealed dominant 
conductance with high selectivity for potassium over sodium. 
The unitary conductance of about 13 pS (122 mM K+ in pipette 
and outside medium) was inhibited by 20 mM TEA+ and 10 mM 
Mg2+ (Gustin et al., 1986). 17 pS potassium-selective and ATP-
sensitive conductance was registered in H+-ATPase mutants of 
Saccharomyces cerevisiae (150 KCl inside and outside 
configuration) (Ramirez et al., 1989). Several large (64 and 116 
pS) potassium-selective conductances were revealed in yeast 
plasma membrane vesicles fused with planar bilayers. These 
conductances were inhibited by 10 mM TEA+ and 10 mM BaCl2 
and presumably correspond to TOK1 (Gómez-Lagunas et al., 
1989). Single channel recordings have been studied in detail 
(Bertl and Slayman, 1992; Bertl et al., 1993). Flickering behavior 
was found for the channel. The ion channel demonstrated high 
selectivity for potassium over sodium and was inhibited by 
increasing cytoplasmic calcium and by cytoplasmic sodium. A 
kinetic model with several closed and open states was proposed 
for gating (transition between open and closed states) of the 
channel (Bertl and Slayman, 1992; Bertl et al., 1993). 
Whole cell recordings with yeast protoplasts provided more 
information about TOK1. Outward current via TOK1 was about 
500 pA at +100 mV (175 mM pipette = cytoplasmic KCl and 150 
mM external KCl) and demonstrated ATP-dependence (the 
current exhibited strong rundown within 60 min without ATP in 
pipette medium). There was no effect of external protons within 
pH 5.0–8.0, but inhibition by cytosolic acidification; inhibition by 
TEA+ and Ba2+ and gating by external potassium were also 
discovered (Bertl et al., 1998). Gating of the yeast potassium 
outward rectifier by external potassium was found for whole cell 
currents and confirmed for single channels. It was proposed 
(based on a previous model for the channel) that TOK1 has 
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binding sites for potassium and plays a central role in 
osmoregulation and K+-homeostasis in yeast (Bertl et al., 1998). 
Effects of TOK1 gating by external potassium and also amino 
acid residues responsible for the gating have been studied in 
detail using a heterologous expression system, oocytes of 
Xenopus laevis (Ketchum et al., 1995; Lesage et al., 1996; Loukin 
et al., 1997; Loukin and Saimi, 1999; Johansson and Blatt, 2006). 
It was an unexpected finding that TOK1 was slightly activated by 
volatile anaesthetic agents isoflurane, halothane and desflurane 
(Gray et al., 1998). 
Simple estimates translate the current via the channel to ion 
concentrations: e.g., 10 pS correspond to 1.0 pA at 100 mV, the 
number of transported ions per second at 100 mV will be: 
≈ 1∗10−12coulombs/second∗1second∗6.2∗1018 
 monovalent ions/coulomb ≈ 6∗106 ions (8) 
Assuming a change in K+ concentration from 100 to 40 mM 
within 10 min (600 s), we estimate that only one TOK1 molecule 
(with extremely low conductivity, at the level of patch clamp 
resolution) is sufficient to ensure the potassium ion fluxes. 
Questions about the physiological role of TOK1 arose 
together with electrophysiogical characterization of the channel 
and were partially solved in experiments with yeast mutants. A 
yeast mutant with a deleted TOK1 gene had no 
potassiumselective outward current (Bertl et al., 2003). Deletion 
of TOK1 depolarized cell membrane, while overexpression 
hyperpolarized it. These results were obtained in an assay using 
3,3′dipropylthiacarbocyanine iodide fluorescence (Maresova et 
al., 2006). Potential participation of TOK1 in potassium uptake 
by yeast cells was demonstrated in yeast mutants with 
overexpressed TOK1 and deleted Trk1 and Trk2 genes (Fairman 
et al., 1999). Overexpression of TOK1 restored growth on plates 
with low (1 mM) potassium concentration and more than 
doubled potassium contents in cells cultured on 5.0 mM K+ 
(Fairman et al., 1999). The results seem unusual at first glance: 
overexpression of outward rectifying ion channel has a positive 
effect on ion accumulation. A possible explanation for this is due 
to small inward current below E reversal for K+, which was 
recorded in TOK1-overexpressing cells (Fairman et al., 1999). 
However, tok11 mutants also had slightly higher potassium 
contents and did not differ in growth (cited according to Kahm, 
2011). It is therefore proposed that TOK1 can contribute to 
controlling membrane potential around reversal potential for 
potassium (Fairman et al., 1999): the number of ions transferred 
via TOK1 [(Equation 8) for 100 ion channels but multiplied by 
smaller voltage and open probability for channels] is 
comparable to the number of ions pumped by Pma1 per second 
(Equation 6); so both Pma1 and TOK1 may play a role in altering 
the membrane potential. 
Non-selective cation current in yeast cells is well studied by 
electrophysiology. Surprisingly high inward currents often 
exceeding 1 nA at −200 mV have been registered in yeast 
protoplasts (from larger tetraploid cells) when external divalent 
ions were reduced below 10 µM (Bihler et al., 1998, 2002). The 
currents demonstrated inward rectification increasing at more 
negative voltages and included time-dependent and 
timeindependent instantaneous components (Bihler et al., 
1998, 2002). Slightly lower similar currents (about 300 pA at 
−140 mV) were recorded with 100 µM of external calcium and 
magnesium from spheroplasts of 4–5 µm in diameter (Roberts 
et al., 1999). The current was carried by monovalent cations and 
had similar selectivities for K+ and Rb+. Selectivity for Na+ was 
about 50% less, while choline and TEA+ were nearly 
impermeable cations (Roberts et al., 1999). Lowering 
intracellular potassium increased the magnitude of the current, 
so regulation by intracellular potassium was suggested (Roberts 
et al., 1999). While external pH within the range of 5.5–7.0 had 
no effect on the current (Roberts et al., 1999), pH 4.0 was found 
to be inhibitory (Bihler et al., 2002). Similar large inward currents 
have been recorded in another yeast, Zygosaccharomyces bailii; 
the conductance was not permeable to TEA+ and was slightly 
inhibited by external 10 mM Ca2+ or pH 4.0 (Demidchik et al., 
2005). Nonselective cation channels are better studied in plants, 
where they have an essential role in salt tolerance and 
development. Cyclic nucleotide-gated ion channels and amino 
acid-gated channels make up the total cation non-selective 
currents in plants (Demidchik and Maathuis, 2007), while no 
candidate genes or proteins responsible for the current have 
been identified so far in yeast. 
Obviously, regulation of yeast non-selective cation currents 
and changes in membrane potential will essentially change the 
influx of ions by the pathway, since 1 nA current carries per 
second: 
1.0nA(measured at − 200 mV)corresponds to ≈ 1∗10−9 
coulombs/second∗1second∗6.2∗1018 ions/coulomb 
 = 6.2∗109 ions, (9) 
That is about 100% of cell potassium concentration per second 
for 6 µm yeast cells or 25% for 10 µm tetraploid cells. Probably 
under realistic physiological conditions the fluxes of ions via ion 
channels are influenced by kinetic factors and diffusion of ions 
to ion channels. 
Nha1 is an electroneutral or electrogenic cation/H+ antiporter 
especially important for Na+ efflux at low external pH values 
(Prior et al., 1996; Bañuelos et al., 1998; 
KinclovaZimmermannova et al., 2006). Assays with secretory 
vesicles evidence that during the transport cycle Nha1 
transports with similar affinities one single ion of Na+ or K+ per 
more than one H+ using energy of electrochemical gradient of H+ 
(Ohgaki et al., 2005), but more experimental support is required. 
Though amino acids important for selectivity of Nha1 and 
protein domains essential for its regulation are known (Kinclová 
et al., 2001; Kinclova-Zimmermannova et al., 2005), mechanism 
and stoichiometry of ion transport by Nha1 still need to be 
elucidated. Potentially heterologous expression of Nha1 could 
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be a step in the direction, however it was not successful so far 
(Volkov, personal communication). 
Ion transporters have much lower transport rates compared 
to ion channels. Ion channels often transport over 106 
ions/(second*molecule), while transporters about 100–10,000 
ions per second with the estimated theoretical limit of 100,000, 
due to the speed of protein conformational changes (e.g., 
Levitan and Kaczmarek, 2001, p. 72; Chakrapani and Auerbach, 
2005). Similar to the Nha1 transporter is NhaA found in E. coli, 
which has a turnover number of about 1500 ions per second at 
pH 8.5 (Taglicht et al., 1991), so an estimate of 1000 transported 
ions/(second∗transporter) in yeast seems reasonable to suggest. 
Sodium transport out of cytoplasm by Nha1 would therefore 
be about: 
1500Nha1 molecules/cell∗1000 ions/(second∗transporter) 
= 1.5∗106 ions per second per a cell or (converting to 
concentrations using Avogadro constant and cell volume) 
about 25 µM/(second∗cell) = 90 mM/(hour∗cell) (10) 
or from 9 to 900 mM/(hour∗cell), adding potential 10-fold 
variation in estimated unknown yet possible transport rates by 
Nha1. This value is still not very high compared to sodium uptake 
via non-selective cation currents (see above), Ena1 also has low 
sodium efflux capacity (Equation 7). Indeed, the rapid increase 
of intracellular sodium to 150 mM within 100 min was observed 
in yeast cells subjected to 1 M NaCl stress (García et al., 1997). 
Several possible scenarios of cell behavior under high sodium 
stress may include in that case: 
(1) a shift of membrane potential to more positive values and 
consequently essential drop of the non-selective cation 
conductance, which will reduce sodium accumulation in 
cells below the toxic levels. However, increasing the 
membrane potential to more positive values will have a 
negative effect on potassium uptake via non-selective 
cation conductance and consequently on growth; 
(2) to induce expression of Ena1 and Nha1 increasing sodium 
efflux from yeast cell; 
(3) to use other channels and transporters (which have yet 
been not discovered) to expel sodium from the cells while 
maintaining a high potassium uptake rate. 
Experiments with yeast mutants with deleted Nha1 
demonstrate, however, a more complex pattern. Deletion of 
Nha1 had no effect on membrane potential assayed by the 
fluorescent dye 3,3′-dipropylthiacarbocyanine iodide and no 
effect on growth on plates in the presence of 200 mM NaCl 
(KinclovaZimmermannova et al., 2006). Higher concentrations 
of sodium chloride (0.5 M) and in particular potassium chloride 
(1.8 M) inhibited growth of a yeast strain without the nha1 gene 
on plates at pH 3.6 (Bañuelos et al., 1998). Overexpression of 
Nha1 increased NaCl tolerance and decreased intracellular 
sodium concentration by 150 mM within 20 min in yeast cells 
preloaded with sodium. However, the number of Nha1 
transporters per cell was not known for the overexpressing cells 
(Bañuelos et al., 1998). Overexpression of Nha1 also 
hyperpolarized the plasma membrane (Kinclova-
Zimmermannova et al., 2006), potentially involving proton 
pump Pma1 since Nha1 presumably transports inside more H+ 
per Na+ or K+ out (Ohgaki et al., 2005). 
Trk1andTrk2 were isolated by a drop in potassium uptake by 
yeast cells from the external medium (Gaber et al., 1988; Ko and 
Gaber, 1991). Genes trk1 and trk2 are homologous to genes of 
HKT transporters, which are K+ or Na+ uniporters or K+/Na+ 
symporters (Mäser et al., 2002; Waters et al., 2013). However, 
some controversy appeared about their transport properties 
when both Trk1 and Trk2 potassium transporters were studied 
using trk11 trk21 mutants in patch clamp experiments. Deletion 
of trk1 and trk2 nearly abolished inward current at −200 mV, the 
transporters are therefore responsible for about −40 pA in 
whole cell configuration with 150 mM KCl + 10 CaCl2 outside/175 
mM KCl inside. Deletion of trk1 alone reduced the inward 
current by 20 pA from −40 pA to −20 pA, while deletion of trk2 
abolished the current (Bertl et al., 2003). Surprisingly, in support 
of earlier electrophysiological experiments (Bihler et al., 1999) 
the current was initially attributed to H+, not to K+. 
Simple estimates show that 40 pA per second will therefore 
be equivalent to: 
40pA at − 200 mV correspond to 
≈ 40∗10−12 coulombs/second∗1second∗6.2∗1018 
 ions/coulomb ≈ 2.4∗108 protons (11) 
This calculation is nearly 105 times higher than the estimated 
number of 6000 protons per yeast cell at pH 7 (Equation 4) and 
will need robust and fast buffering system to maintain pH 
homeostasis. Complex dynamics for proton transport from the 
liquid layers adjacent to the membrane (including diffusion, 
kinetics of transport etc.) will also be required, since at pH 7.5 
(Trk1/Trk2 currents measured in Bertl et al., 2003) the 1000 
times larger volume (100 nL, 10 diameters of the yeast cell) 
around the cell would include the number of H+ equal to: 
 ≈ 6.02∗1023/mole∗10−7L∗3∗10−8 mole/L ≈ 18∗108, (12) 
Only 7–8 times above the measured current per second. Fast 
transport of protons would need high-speed diffusion rates and 
a better understanding of the processes from the point of 
physical chemistry/biophysics of transport. 
Further patch clamp studies with S. cerevisiae protoplasts 
revealed pH-dependent chloride conductance for both Trk1 and 
Trk2 rather than H+ fluxes via the transporters (Kuroda et al., 
2004; Rivetta et al., 2005, 2011). The inward ion current (Kuroda 
et al., 2004) did not depend on cation, but on chloride (or the 
other anion) concentrations in buffers for electrophysiological 
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experiments. Small (below 5 pA) ion currents were also assumed 
to be associated with K+-currents in protoplasts of S. cerevisiae. 
However, the current 5 pA at −200 mV would correspond per 
second to: 
≈ 5∗10−12 coulombs/second∗1second∗6.2∗1018 
 ions/coulomb ≈ 3∗107 ions. (13) 
This would require (1) 10,000 Trk1 and Trk2 transporters 
(assuming turnover being 1,000 ions/second per transporter) 
per cell while they have not been found in protein expression 
essays so far (e.g., Ghaemmaghami et al., 2003); (2) more 
experimental investigation since small anion currents still could 
not be completely excluded when measuring small whole cell 
currents (within the range of few pA). 
Chloride conductance by Trk1-type transporters was shown 
for another yeast-like species, human pathogenic fungus 
Candida albicans, where it was strongly inhibited by the chloride 
currents blocker DIDS (4,4′-diisothiocyanatostilbene-2,2′-
disulfonic acid) (Baev et al., 2004). Further experiments revealed 
that CaTrk1p transporter from C. albicans was homologous to 
Trk transporters from S. cerevisiae and CaTrk1p was responsible 
for low affinity K+ uptake (indicated by Rb+ uptake) in C. albicans 
(Baev et al., 2004; Miranda et al., 2009). However, the measured 
K+ fluxes were estimated to be at the lower limit of resolution 
for patch clamp with protoplasts of Candida albicans (Miranda 
et al., 2009). Instead, large chloride conductance was measured 
in the protoplasts suggesting both chloride and potassium 
transport by CaTrk1p (Miranda et al., 2009). 
The question remains as to whether Trk1 and Trk2 alone 
make up the proteins with a potassium-selective pore or if they 
are acting in cooperation with other proteins forming potassium 
uptake pathways (Ariño et al., 2010). Crystal structure of a 
similar type of transporter, TrkH from Vibrio parahaemolyticus, 
demonstrates a selectivity filter for K+ and Rb+ over Na+ and Li+ 
(Cao et al., 2011). Atomic scale and molecular dynamics 
modeling of Trk1 from S. cerevisiae confirmed homology with 
HKT transporters and revealed essential role of glycine residues 
within potassium selective filter region of the protein, sodium 
ions were inhibiting for K+ transport (Zayats et al., 2015). 
However, still more experimental evidence is required and 
heterologous expression systems may also be useful for solving 
the puzzle. It is expected that the chloride conductance of Trk1 
and Trk2 is masking the tiny potassium conductance which 
cannot therefore be easily measured electrophysiologically in 
yeast cells in whole cell configuration. Presumably chloride 
conductance is formed independently of K+-conducting pathway 
and K+ and Cl− fluxes are not influencing each other, so Trk 
proteins rather have dual transport functions than 
symport/antiport K+ and Cl− ions. 
Yeast mutants with deleted Trk1 and Trk2 transporters have 
hyperpolarized membrane potential assayed by fluorescent 
dyes 3,3′-dihexyloxacarbocyanin (Madrid et al., 1998) and 3,3′-
dipropylthiacarbocyanide iodide, and also a more alkaline 
intracellular pH (by about 0.3 units) under high (50 mM) and low 
(15 µM) potassium in the liquid growth medium (Navarrete et 
al., 2010; Plášek et al., 2013). Proton efflux from the trk11 trk21 
mutants was higher under 50 mM potassium conditions 
(Navarrete et al., 2010). It is interesting to mention that the 
effect of hyperpolarization was associated with K+ and Na+, but 
not with Cl− ions (according to results of their substitution by 
MES) (Madrid et al., 1998). 
Basic Feedbacks for Ion Transport Regulation in 
Yeast Cell 
A simple sketch of participating elements, measured parameters 
and interactions between them for ion transport is given in 
Figure 4. A more detailed scheme will require complex models 
similar to metabolic models for yeast cell (e.g., Österlund et al., 
2013 for metabolic control) with at least (1) determined and 
linking ion fluxes via distinct transport systems, (2) 
understanding and analysing non-linear interactions, and also 
(3) taking into account wide range of influencing physical factors 
(osmotic pressure, temperature, diffusion coefficients etc.) and 
chemical environment (pH, ion concentrations etc.) surrounding 
a yeast cell. 
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Effects of NaCl treatment under different external conditions 
with expected important pathways for ion transport are 
depicted at Figure 5. Among the present limitations are the 
knowledge gap between results obtained by different methods 
and extrapolation of experimental conclusions for higher ion 
concentrations. Electrophysiological patch clamp study provides 
evidence for fast kinetic changes; the data allow to reveal the 
role of individual types of ion channels or transporters, but yeast 
protoplasts are deprived of cell wall, do not have complete set 
of regulation feedbacks. Moreover, the patch clamp data are 
recorded under controlled conditions of experimental solutions, 
which traditionally do not use over 100–200 mM of Na+, K+ or 
other cations. Experiments with ion analysis of yeast cells or 
mutants in specific transport systems are with intact cells, the 
disadvantages are lower temporary resolution and net fluxes of 
definite ions; mutants may also have altered regulation of ion 
transport. It is reasonable to add that ion concentrations and pH 
in liquid layers adjacent to plasma membrane from the outside 
of cytoplasm are influenced by cell wall. 
Cell Wall and Lipid Rafts Influence Ion 
Transport 
The presence of a cell wall and the non-homogeneous structure 
of cell plasma membrane add more complexity for ion transport. 
Several as yet unexplored hypotheses should be considered 
based on the known physico-chemical properties of cell walls. 
They include (1) changes of cell membrane potential by fixed 
electric charges in cell walls; (2) effects of cell walls on ion 
buffering and ion concentrations; (3) expected ion-rectifying 
properties of cell walls; (4) assumed effect of shrinking and 
swelling of cell walls on mechanosensitive ion channels. Since 
yeast cell walls are similar to cell walls of plants though less 
studied, several facts and phenomena about plant cell walls will 
be also given.  
FIGURE 4 | Simplified scheme of several feedbacks for ion 
transport regulation in yeast cell. Metabolic activity and available 
regulate ATP membrane influences which Pma1, pump proton 
to due and potential also depends on membrane potential 
currents cation Non-selective reasons. thermodynamic and potassium 
TOK1 rectifier current via potassium-selective outward depend on cell 
membrane potential yeast outside and inside concentration ion and 
ion cell. Ion fluxes via transporters on concentrations; depend 
potential membrane as is influencing well. whole The them system of 
factors interacting and elements has non-linear feedbacks and links; 
system a approach is required to describe the ion transport therefore 
and its regulation. 
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The yeast cell wall consists mainly of polysaccharides 
(reviewed in Cabib et al., 2001), has a thickness of about 0.1 µm 
(90–250 nm according to different sources, 9–25-fold thickness 
of plasma membrane) (Bowen et al., 1992; Smith et al., 2000; 
Stenson, 2009; Dupres et al., 2010) and keeps cell volume stable 
under sudden fluctuations of surrounding medium. Under usual 
conditions of low osmotic pressure of medium and high osmotic 
pressure of cell solution the cell wall is stretched and balances 
the turgor pressure (positive hydrostatic pressure of several 
bars (1 bar = 0.1 MPa) inside the cell to equilibrate chemical 
potentials of water caused by the difference of osmotic 
pressures). 
The yeast cell wall consists of glucans, mannose 
polysaccharides, a few proteins and several per cents of chitin 
(Lipke and Ovalle, 1998; Cabib et al., 2001). The surface electrical 
charge of the cell is determined by polymers in the cell wall 
(chitin has charged amino groups, proteins have several charged 
chemical groups), and changes depending on the pH and ion 
composition of medium. Titration curves of surface charges of 
the yeast cell wall indicated wave around pH 7.1, value of pKa2 
for phosphate (Bowen et al., 1992). Much attention was then 
given to phosphomannans of the cell wall as they contain 
phosphate groups (Jayatissa and Rose, 1976). 
Presumably the proton pump Pma1 and ion transporters 
have an effect on the charge distribution within the cell wall and 
visa versa ion transport is also influenced by the adjacent 
charged cell wall. The surface charge of a yeast cell can be 
measured by electrophoresis. For example, voltages 5–20 V of 
alternating current with frequencies in the range 0.03–5 Hz 
were applied to a suspension of yeast cells in distilled water. Cell 
of 5.7 µm in diameter was charged positively by about 10,000 
elementary charges (personal communication of Ioan-Costin 
Stan in 2012: 
http://upcommons.upc.edu/pfc/bitstream/2099.1/ 
10187/2/Master%20Thesis%20-%20Ioan.doc ), which equates 
to about 100 positive elementary charges/µm2. Earlier results in 
buffered solutions, however, estimated a much higher surface 
charge (about 100 times larger in some cases) and 
demonstrated that electrophoretic mobility strongly depended 
on pH (negative charge at above pH 4), age of the culture and 
presence of phosphate in the growth medium (Eddy and Rudin, 
1958). In these experiments isolated cell walls behaved similarly 
to whole yeast cells (Eddy and Rudin, 1958). In the other 
experiments electrophoretic mobility was also measured in 
buffered solutions; it dropped several times upon treatment 
with 60% hydrofluoric acid (HF) removing phosphate groups 
(Jayatissa and Rose, 1976). 
The surface charge is expressed as the electric potential 
between the cell surface and the surrounding liquid medium. 
Zeta potential had been measured for yeast cells, showing 
FIGURE 5 | Basic sketch of anticipated changes of ion transport in 
yeast cell under salinity treatment. Several additional factors including 
external calcium concentration, pH and sufficient energy supply are added. 
The scheme demonstrates complexity of responses and based on patch 
clamp and growth experiments, refers to membrane potential measurements 
and extrapolates some of the known results. Osmotic adaptation to 
compensate for rise of external osmotic pressure includes synthesis of 
compatible osmolytes and not shown at the Figure, while some responses 
could be more complex due to interactions between transport systems. 
More details are in the text, the given values are not exact and provided 
rather for indication. Continuous models with several parameters are outside 
the scope of the review being a special subject of study and research. 
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values varying between 0 mV and −40 mV, being more negative 
in distilled water and at higher pH values (pH range 3–8 was 
studied). Usually zeta potential was not below −10 mV for cells 
in culture medium (Thonart et al., 1982; Bowen et al., 1992; 
Tálos et al., 2012). 
Apart from slightly changing the measured membrane 
potential, the cell walls also have ion exchange properties, 
which can influence/buffer ion concentrations in the vicinity of 
plasma membrane and create local ion gradients. More is known 
for algae and plants, where cells possess similar cell walls with 
slightly different chemical composition. For example, in plants 
four types of ionogenic groups were found in cell walls isolated 
from lupine roots. Maximal cation-exchange capacity exceeded 
one mmole per gram of dry weight of cell walls (at pH over 10.8), 
while anion-exchange capacity was about 20 times lower (at pH 
below 2.8) (Meychik and Yermakov, 2001c). Ion exchange 
properties of plant cell walls from roots of lupine and horse 
beans essentially depended on pH and ion concentrations 
(Sentenac and Grignon, 1981). Algae had been studied earlier 
and demonstrated calcium exchange capacity about 40–400 
mmole/(L cell wall) for charophytes (Tyree, 1968; reviewed in 
Hope and Walker, 1975) and cation exchange capacity over 2,5 
mmole/g−1 dry weight of cell walls for chlorophyte 
Enteromorpha intestinalis (Ritchie and Larkum, 1982). Cell walls 
of studied algae are thicker, averaging 0.3–1 µm (Wei and 
Lintilhac, 2007) and reported even up to 15 µm (Tyree, 1968). 
Assuming similar range of cation-exchange capacity for yeast 
and then taking into account that cell wall makes up 15–30% of 
the dry weight of the cell and 25–50% of the volume based on 
calculations from electron micrographs (cited according to Lipke 
and Ovalle, 1998), it is simple to assess: about 1 mM per gram 
of dry weight is 1 M per kg of dry weight and about 200 mM per 
kg of fresh weight (1–5 is a reasonable fresh to dry ratio for yeast 
cell walls), similar to potassium concentration in yeast cell. 
Taking the volume of yeast cell wall to be about 20 fL (20% of 
100 fL), the presumed maximal amount of cations bound by the 
cell wall would be: 
 20 fL∗200 mM = 4 fmole. (14) 
The suggested amount may be released depending on the pH of 
medium within the cell wall (therefore the proton pump Pma1 
activity may be involved) and buffer ion transport fluxes. 
It is worth mentioning again that in plants (roots of lupine, 
wheat and pea) cell walls shrink at higher ion concentrations and 
at lower pH values (for example, dry cell walls of lupin roots 
bound up to 10 times more water at pH 9 compared to pH 4 at 
0.3 mM ionic strength and the same amount at 1 M ionic 
strength) (Meychik and Yermakov, 2001a,b). Moreover, cation-
exchange capacity of plant roots (spinach) increased by about 
30% during growth in high salt conditions (250 mM NaCl) 
(Meychik et al., 2006). High cation-exchange capacity of cell 
walls of plant roots was visualized in experiments using small 
organic cation methylene blue, it resulted in 100–700-fold 
higher concentration of methylene blue in cell walls than in 
ambient solution (Meychik et al., 2007). Furthermore, diffusion 
coefficients of methylene blue into cell walls differed between 
species (10 times higher in mungbean compared to wheat) and 
positively correlated with the number of carboxyl groups in cell 
wall structure and swelling of cell walls (amount of water 
absorbed by dried cell walls) (Meychik et al., 2007). The 
comparisons might be useful for studying and predicting the 
behavior of yeast cell walls. 
A deeper knowledge of yeast cell walls and the variation 
between yeast strains and under different growth conditions 
may lead to a better understanding of high affinity cation 
(especially potassium) transport in yeast cells. Cell-wall mutants 
of yeast (e.g., described in Soltanian et al., 2007) could be useful 
in the study of this. Yeast cell walls are heterogeneous within a 
cell (Rösch et al., 2005) and may potentially have electrically 
rectifying properties. Considering yeast cell walls as charged 
porous medium one may suggest the essential influence on ion 
fluxes via plasma membrane (Lemaire et al., 2010). The 
complexity of cell walls with potential analogs to microand 
nanofluidics in electrically charged medium under applied 
voltages needs to be studied in more detail. Several descriptions 
and models had already been developed for plant and algal cell 
walls. These include Donnan free space with micro- and 
nanochannels and voltages down to -100 mV within it and also 
water free space, both constituting cell wall (e.g., Dainty and 
Hope, 1961; Hope and Walker, 1975; Beilby and Casanova, 
2014). 
The approach of considering cell wall and cell plasma 
membrane together as an interacting system may have 
implications on high affinity potassium transport in plants also. 
Inward rectifying potassium channels and transporters of HAK 
and HKT families are important for the pathway of transport in 
plants. For example, in Arabidopsis thaliana the potassium 
channel AKT1 is the high-affinity pathway for uptake of 
potassium from medium with concentrations as low as 10 µM 
while root cells had membrane potentials below −200 mV, 
sufficient for ensuring the electrochemical ion transport (Hirsch 
et al., 1998). Experimental evidence for effects of plant cell walls 
on calcium and proton fluxes was obtained for bean leaf 
mesophyll (Shabala and Newman, 2000). Isolated mesophyll 
protoplasts did not show NaCl-induced calcium efflux compared 
to mesophyll tissue; salt-induced H+ efflux also differed between 
protoplasts compared to tissue. Presumably, all the Ca2+ efflux 
over an hour of measurement was from calcium ion exchange 
stores of cell walls (Shabala and Newman, 2000). Similarly, 
transient Ca2+ outward fluxes under certain pH changes were 
recorded for isolated cell walls of charophytes (Ryan et al., 
1992). Further recent interesting observations have shown an 
essential step of iron binding to the cell wall in several algal 
species (though not in S. cerevisiae studied for comparison) 
before iron is taken up (Sutak et al., 2012). 
Mechanical properties and turgor pressure of yeast cells have 
been measured by compression (Smith et al., 2000; Stenson, 
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2009; Stenson et al., 2011) and gives results around 100–180 
MPa for mean Young elastic modulus. Turgor pressure in fission 
yeast was estimated at around 0.8 MPa (Minc et al., 2009). 
Elastic modulus of yeast cells looks higher at a first glance than 
usually measured for plant cells and their cell walls, the available 
studied similar system. For example, average volumetric elastic 
modulus of barley leaf cells was within 2–10 MPa and below 25 
MPa, while turgor pressure was around 0.4–0.8 MPa (e.g., 
Volkov et al., 2007). However, methods of measurement are 
different for Young elastic modulus and volumetric elastic 
modulus even though both are expressed in units of pressure. 
Measurements of mechanical properties for oak leaf cells 
demonstrated a strong correlation between the two, with 
values of volumetric elastic modulus around 10 MPa 
corresponding to 100–200 MPa of 
Young elastic modulus (Saito et al., 2006). More detailed results 
concerning turgor pressure and elastic modulus of different 
plant cells (where water relations and mechanical properties of 
cell walls are studied better so far) can be found in numerous 
reviews and publications (e.g., Hüsken et al., 1978; Steudle, 
1993; Fricke and Peters, 2002). Turgor pressure in 
magnetotactic bacteria of the gram-negative species 
Magnetospirillum gryphiswaldense was estimated in the range 
of 0.09–0.15 MPa using atomic force microscopy (Arnoldi et al., 
2000); similar or slightly higher turgor pressure of 0.08–0.5 MPa 
was measured for several other gramnegative bacteria 
(Beveridge, 1988; Walsby et al., 1995). Grampositive bacteria 
have 5–10 times higher turgor reaching 2–5 MPa (Beveridge, 
1988; Doyle and Marquis, 1994), their cell walls are also much 
thicker being about 20–80 nm (e.g., Beveridge, 1988; Salton and 
Kim, 1996) compared to 5–10 nm in gram-negative bacteria 
(e.g., Salton and Kim, 1996). 
Rapid changes in turgor pressure of yeast cells (influenced 
also by potential shrinking-swelling of cell wall) can activate 
mechanosensitive ion channels and induce ion flows via them, 
changing ion concentrations in different cell compartments. So 
far the well-studied yeast mechanosensitive ion channels 
include (1) mechanosensitive cation-selective channel Mid1 
(Kanzaki et al., 1999; Peiter et al., 2005), (2) mechanosensitive 
ion channel with similar selectivity for cations and anions (Gustin 
et al., 1988), and also (3) the large (320 pS in 150 KCl in bath and 
180 KCl in pipette solution) yeast vacuolar conductance 
resembling TRP-channels (Palmer et al., 2001; Zhou et al., 2003) 
with yet unknown functions (potentially the large trans-vacuolar 
currents under small changes in pressure could transport ions to 
cytoplasm for osmoregulation). Attempt to attribute activity of 
mechanosensitive ion channel with similar selectivity for cations 
and anions (Gustin et al., 1988) to Mid1 was not convincing 
(reviewed in Kung et al., 2010). The ion currents via 
mechanosensitive ion channels were registered in 
electrophysiological patch clamp experiments under slight 
positive (+) or negative (−) pressure applied to plasma or 
vacuolar membrane. The applied pressures were quite low 
compared to turgor pressure: −4 to −0.5 kPa for Mid1 (Kanzaki 
et al., 1999), +2.5 to +6.5 kPa and −8 to −0.5 kPa for 
mechanosensitive ion channel with similar selectivity for cations 
and anions (Gustin et al., 1988) and +0.6 to +6 kPa for 
mechanosensitive vacuolar Yvc1p channel (Zhou et al., 2003). 
Presumably even small alterations below 1% of turgor pressure 
could be amplified by ion fluxes via mechanosensitive ion 
channels, include calcium signaling (Kanzaki et al., 1999; Palmer 
et al., 2001; Zhou et al., 2003; Peiter et al., 2005) and further 
osmotic stress signaling to restore turgor pressure (e.g., 
reviewed in Hohmann, 2002; modeled in Muzzey et al., 2009; 
Schaber et al., 2010). Rapid transients of ion fluxes with 
resolution of seconds under osmotic stress and variation in 
responses between different cells are still to be measured for 
yeast cells with intact cell walls. Recent experiments using 
technique of microelectrode ion flux estimation (MIFE) revealed 
fast activation of H+ efflux by over 3–4 times, change from K+ 
efflux to influx and slight increase in Mg2+ efflux under 
hyperosmotic stress (2 MPa by mannitol) in Gram-positive 
bacterium Listeria monocytogenes (Shabala et al., 2006), the 
MIFE technique is now being used for yeast cells (Ariño et al., 
2014). The activity of mechanosensitive ion channels is also 
essentially determined by the rheology of membrane (Bavi et al., 
2014) and so could be different in lipid raft compared to 
adjacent areas of plasma membrane. 
Lipid rafts are found in yeast plasma membrane and the 
distribution of ion channels and transporters is not even within 
the membrane (e.g., reviewed in Malinsky et al., 2010). The 
Nha1 transporter was found to be associated with lipid rafts and 
requires sphingolipid for stable localization to the plasma 
membrane (Mitsui et al., 2009). The proton pump Pma1 was 
located to network structures, while proton transporters were 
in non-overlapping long-lived (over 10–30 min) 300 nm patches 
(Malínská et al., 2003; Grossmann et al., 2007), which changed 
upon membrane depolarization (Grossmann et al., 2007). More 
complex patchy pattern of plasma membrane had been 
discovered in yeast cells using total internal reflection 
fluorescence microscopy and following the location of 46 
membrane proteins tagged with green fluorescent protein (GFP) 
(Spira et al., 2012). Another approach was to use atomic force 
microscopy (AFM) and the His-tagged transmembrane protein 
Wsc1. Scanning the cell surface with an AFM tip bearing 
Ni2+nitriloacetate revealed clusters with a diameter of around 
200 nm (Heinisch et al., 2010). The membrane protein Wsc1 was 
located within these clusters and stress conditions (deionized 
water or heat shock) increased the number of clusters and their 
size (Heinisch et al., 2010). 
Lipid rafts with patchy localization of transporters can 
interact with the membrane skeleton, cell wall, regulatory 
proteins and cell cytoskeleton and make up local temporary ion 
gradients at the scale of several nanometers. The local non-
equilibrium ion states depend on activity of transport systems 
and diffusion coefficients, it finally creates dynamic and live 
structure with fast fluctuations of ion currents and their complex 
regulation (Figure 6). 
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Comparison of Yeast Cells and Large 
Excitable Cells 
It is reasonable to ponder the difference between small yeast 
cells and excitable animal cells (Figure 2). The latter have a 
higher volume per unit of surface area (vice versa smaller 
surface per unit of volume), and use calcium and sodium ion 
channels with high conductance instead of immediate activity of 
electrogenic ion pumps for fast changes in membrane potential 
within hundreds of milliseconds and even much faster. Being 
more precise, the volume per unit of membrane electric 
capacitance has to be considered: the parameter is over 100 
times higher for squid axon (Lecar et al., 1967) and about 5 times 
higher for cardiomyocytes (Satoh et al., 1996) compared to 
yeast cells. Moreover, the animal cells are functioning under 
controlled conditions of external medium (internal liquid of 
organisms) with buffered pH and relatively stable 
concentrations of K+, 
 
Na+, Ca2+, and Cl−, but the limitations by cell geometry and by 
microscopic properties of ion pumps, transporters and ion 
channels are essential. Potentially to optimize ion fluxes the cells 
have choices of changing the number of membrane transport 
proteins and their regulation (e.g., yeast cells increase the 
density of plasma membrane proton pump Pma1 up to higher 
limits) or choosing specific transport proteins to fulfill the 
required physiological/biochemical demands. High density of 
sodium channels with high conductance is used in specialized 
segments of neurons (e.g., Kole et al., 2008). Imagining similar 
fluxes for a yeast cell with sodium channel density 2,500 pS 
µm−2, it is simple to recalculate the theoretical sodium flux under 
the conditions of membrane potential equal −100 mV: 
2500 pS µm−2 to 100 µm2 of yeast cell is 250,000 pS/cell, under 
−100 mV it would correspond to −25 nA/cell. Taking into account 
that the number of monovalent cations per Ampere∗second = 
coulomb is equal to 6.2∗1018 ions/coulomb, the ion current per 
second is equivalent to ≈ 1.6∗1011 Na+ ions. Note that it is Na+ 
current, but it is more than 25 times over the total number of, 
e.g., K+ ions in a yeast cell or 40 ms of the ion current are 
sufficient to carry the same number of cations which are present 
in the cell. Yeast cells do not have the sort of ion channels with 
high conductance and density, otherwise they will not be able 
to keep ion homeostasis under conditions of undetermined and 
changing ion composition of surrounding medium. Instead yeast 
cells use plasma membrane pump to keep required membrane 
potential and ion transporters with much lower transport rate 
to support smaller ion fluxes. 
Another comparison is also interesting. Large cells of 
charophyte algae (Figure 2) have active plasma membrane 
H+ATPase and exhibit action potentials (reviewed in Beilby, 
2007; Beilby and Casanova, 2014). The group of multicellular 
algae with cells up to 10 cm long and 2 mm in diameter (Johnson 
et al., 2002) demonstrates slow action potentials within tens of 
seconds based on changes in chloride and calcium electric 
conductances (Beilby, 2007). Similar to yeast cells the large 
charophytes use H+-ATPase for shifting membrane potential to 
more negative values; charophytes have membrane potential 
down to −350 mV (comprehensively described in the book: 
Beilby and Casanova, 2014). Charophyte cells have several 
physiological “states” of plasma membrane depending on 
activity of ion transport systems. “Pump state” corresponds to 
active H+-ATPase and membrane potential below -200 mV, “K+ 
state” is dominated by K+ conductances, while “H+/OH− state” is 
determined by passive H+/OH− conductances (Beilby and 
Casanova, 2014). It is questionable whether yeast cells may also 
have several physiological states of membrane. Slow compared 
to animal cells action potentials in charophytes are probably 
explained by their evolution and set of ion channels required for 
variable unstable ion environment despite the presence of 
shielding and ion buffering by thick cell walls; the situation 
needs further modeling and investigation. 
The reasons for the difference in ion transport systems are of 
dual nature: (1) pure biophysical constrains determine the ion 
transport fluxes and also (2) the history of species and evolution. 
A few more comparisons with yeast cells are useful. Human 
erythrocytes have cell volume similar to yeast cells, possess an 
electrogenic Na+/K+-pump, have low membrane potential 
(about −10 mV when measured by glass electrode) (Jay and 
Burton, 1969) and several ion channels, but do not use the 
channels under usual conditions, instead relying on ion pump 
and transporters to keep ion homeostasis (reviewed in Thomas 
FIGURE 6 | Potential effects of cell wall and uneven distribution of ion 
channels and transporters in membrane on ion transport. Lipid rafts 
( shown in black color) are enriched with transporters. C 
1 , C 2 , and C 3 indicate 
distinct local ion concentrations in the vicinity of lipid rafts caused by altered 
ion fluxes and ion buffering by cell wall. Specific rheological properties of lipid 
rafts result in additional differences in ion fluxes under changes in hydrostatic 
pressure due to non-identical activity of mechanosensitive ion channels within 
and outside the lipid rafts. 
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et al., 2011). Changing the membrane potential from −10 to −90 
mV by sodium ionophore has no effect on swelling-activated 
potassium transport in erythrocytes (Kaji, 1993). Another 
example of small animals cells are spermatozoa. The cells have 
volume about 20–30 fL, their measured membrane potential is 
usually depolarized to around −40 mV and was reported from 
−80 to +13 mV depending on method of measurement and 
conditions (Rink, 1977; Guzmán-Grenfell et al., 2000; reviewed 
in Darszon et al., 2006; Navarro et al., 2007). The membrane 
potential of spermatozoa is easily shifted to more negative 
voltages by activated electrogenic Na+/K+pump (Guzmán-
Grenfell et al., 2000). Moreover, Na+/K+-pump is essential for 
lower membrane potential and also for fertility (Jimenez et al., 
2011), though the cells are equipped with a range of ion 
channels and additionally depend on potassium channel to 
regulate the membrane potential (Darszon et al., 2006; Navarro 
et al., 2007). 
Evolutionary aspects of differences in ion transport are quite 
complicated and could not be explained easily. Excitable cells 
usually have sodium channels, which have evolved from calcium 
channels and predated the origin of the nervous system in 
animals (Liebeskind et al., 2011). Interestingly, action potentials 
have been found in some marine algae, e.g., 
sodium/calciumbased action potential in Odontella sinensis 
(Taylor, 2009), which has a volume about 300 times larger than 
yeast. Chloride/calcium based action potentials in large 
charophytes are studied better (Beilby, 2007). Sodium channels 
and action potentials are not known in fungi so far, though 
sodium channels have surprisingly been found in the bacterium 
Bacillus halodurans (Ren et al., 2001). The bacterium, which is 
about 200 times smaller than the yeast cell by volume, can grow 
in a saline environment (2M NaCl) (Takami and Horikoshi, 1999). 
Opening of just one channel with 12 pS conductance (measured 
in 140 mM NaCl using expression in CHO-K1 cells) would carry 
large Na+ currents and may essentially change sodium 
concentration in cytoplasm of the bacterium. The biological 
function of the channel is not known, but it may be related to 
driving the flagellar motor (Ren et al., 2001). 
Biophysical limitations are easier for understanding, 
modeling and for an attempt of synthetic engineering (Figure 2), 
however, the more detailed description is outside the scope of 
the text. 
Conclusions 
The yeast plasma membrane is different from the plasma 
membrane of excitable animal cells: yeast cells have no 
abundant sodium and calcium channels with high conductance. 
The membrane potential of yeast cells can be easily controlled 
by copious plasma membrane ATPase Pma1, potentially it can 
change the membrane potential of the small cells by several 
hundred millivolts within a few seconds. Transporters are also 
involved in the regulation of membrane potential. Non-selective 
cation current and outward rectifying potassium selective 
channels may serve as safety valves against the sharp changes 
in membrane potential. The small volume of yeast cells, their 
relatively large surface/volume ratio and high transport capacity 
of Pma1 make the proton pump, not ion channels, the main 
element of ion transport. Therefore, the regulation of proton 
pump and ion transporters is vital for ion homeostasis in yeast 
cells. The basic principles of ion transport in yeast cells may be 
applicable to small cells and organelles. Rapid processes of ion 
transport, within scale of seconds, can essentially change ion 
concentrations in the cells taking into account their small 
volume. The longterm scale of minutes and hours needs other 
mechanisms and sensors for regulation and homeostasis. A high 
cationexchange capacity of cells walls, location of ion channels 
and transporters within lipid rafts and changes in turgor 
pressure may essentially influence ion transport fluxes and 
make the situation more complex and yet unpredictable at 
smaller spatial scales. 
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